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Abstract

\l’( ]jrcsrIIl  r(hullh of ]I[llll(]ical sillll[l;iliotls tlIi  It hlI(J\v  l:arll I’h li(l;tl ft)rc(h C:III 1,0111  (Ii+lorl iili(l (Iihl[ll)l

l:lrlll-cic)ssirl~ asl(roi(ls (lX’J\s) tllal ll;l~( ~~f;l~ ‘“rlll’l)lt-i’ilf” > l [ ( l ( ’ 1 l l l ’  ( % .  I]llll(llll&  011 Ill”(,  vlollh  * 11( If’>. \l’(’t 1“

c)]lhi(l(’i. rllott r(aliktic ast(roi(l sll:ill(’h illl(l 11”:111(’tol’i(’h. 1(s1 :1 I’ill”i(’lj of sl)itl I’ill(,h  ;Ill(l :tkls (Ill(lll;  lllolls.

illl(l f’lll])l(lj’  ii (I IS SII); II IO II ill~ol’  1111111  1(J lllol”~,  ;l(”(’lll”ill(~ l}’ ll’t,  tlt  (’olll>l(lllh l,(ti\((ll  l~illli(l(h.  \\”(  (xl,l(~l!  ;1 ltlr~(

I);ir:illl(l(r sl)irc(, illclll(litlg tlIf, a+l(lt)i(l’s 1)(1’iill)h(  (/, ftI(oltt It(t }(,locil,l willl 111( I;illtll  / “ . .

(illclll(lillg :i IIf)-sl,ill cz,sf

,  hl)ill  I)(,tio(l  1)

), sl,ill ;Ixis (]i(tlt:ilicll, iil[(l I(,(ly (,!i(lllilli(ll  ;it  l,[i;,]h(.

\\’( i(l(]llif}  f(, (lr OIIICOIII(”  clas>(h  I,illil  lll(l(l’iY((l  1,}  111(  ;Ill[ollrll  (,[’  lll;t~~  stril~l)((l  1[[,111  tll(  :l~t(loi(l  (Illri[ly,

il (Ijl,  j. ()(11  I))(hl  s(V(I(  (li~rlll)ti(,tls rchllll ill f’l”il,lJlll(lll  ll”ilill>  hi[liil:lt  ill  cll;  lril(l(]  I(I  III( “hl[ill~  ()(’  [,,:111~”

(’1”(’;il(’(1  ll’llf  ’11  (’C)lll(’t  Sllo(’ll  l~llif’l-l, (’\’}-!J \V:l  S (Iisllll)i(xl 11( ’ill” .l(ll)it(r ill 1!1!12, 1,(>s (a[a,t[ol,llic (Iistll[,ti(,tl>

ctillsc 111:11 (’l  iill to 1)(’ ~lripl)(xl  (Jfl” ill lrl(Jl”c i+oltcjllic Iilslliolli l(il\’illg  ;I (’(1111:11  I<,lllllalll  Iiill{  il (ll:l[:t(”t(,[i>ti(

(Iisl(o]t(xl  sllal)(’.  SOIII(  fj(xt:l C: III (1111’I illlc) htal)l( orl)ith iil”ollll(l  III(’  I(IIIII;IIII  , (’I’(illill  U,  II Ilill  ill)  or !Iillltil)lf

10S1,  JY(  still  [ill(l  lII;II  fi(l;  ll  li,I(f>  (:ilt  [Ilo(lilj 111,  :I>l(loi(l’h  kll;il,(  ;III(I  ~l,ill.SySl (III.  I,v(,rl  WII(JII  II() II I:ISS  I*

0 1 1 1  I(>(llts  s i l o \ \  t h a t  111;1s> 10SS i> <’1111 :111( ’((1 li)l hlll:lll \’illllfh  (,  I  ( / ,  /’-,  . illl(l  /).  illl(l  (1( ’1)( ’11(1>  10 ii c(lt;iill
. . .

(Xt(’llt  011 (11(’  I)()(l?  S S1 )111 ol’l(,lil  illloll”  (lot”  IYilllll)l(.  l’~llo~,l’il(  (I  Iot:ili(,tl  I(YIII((~  II  I:I,S I(M).  ,\ll (1011 ::11((1

il+l(loi(l  \l’ilk  fo(lll(l  to I ) ( ,  fill’  (jl\i(,l’ t o  (Iisl(ll)l lII; III :1 hj)ll(l’i  (’ill  0111,  , tlloll~ll 1111 oli(llt:ltioll” 01” III( (llilhoi(l ;II

I,tti;ll,s(  (’iIll IIc)lic(:il,lj (’Il:l[lgt 111( 0111(  ”O1ll (.” ‘ 1  II, si~( iIII(l  (,11,  il:ll  (Iist[il,llli(,l[  of llIf (,l,tl;i  tit,  (Iix(lw(l,

alotlg  fvilll lllilll~ of tll(  al)[)licatiolls of Illis t(,clltli(l(l( lll\Vill’(1  [Ill  llll(l(thl;itl(lill~ ol(lllllkllill  [, 11(11(,  II I(II; I ill tll(’

t(l[(hl[’i  ill  I(gio]l  ( ( y , . ,  orig,itl of(’(l’lil ill (’tiIl(l cll;iili> 011 [II( ll(KIII,  (1(1111  ,1,1  cIalt  Ifi  (III 1111  t(r[,+lti:il I) I; II II IS,

it”l”(’glll  ill” Sll:lt)  (’(1 1(’tis, (t(.).
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1  I N T R O D U C T I O N

1.] ];vidence f o r  “l{ubble-pile’) Asteroicls

(1)



1

l.(i .J(,vi~lt,  r:t(lii  (jr (l,, 1)1:111(1 ctIIt(I. ,\,l)lI:IIIg  :1])(I  11(,117  (]!]!)(i)  f’( 11111(1  11 lilt  Sl, !~’h (Iis]l]l>ti[]ll  illlo  ;1 “hllillg

of I)(atls”’  c(jlll(l  only  Ilav(  ()( ’( ’[11’1(,(1  i f  tll(  (’(}!  ll(t  \\’i15  Iilllt:lllj  sll’(ll~llll(wh  ({j S(cli(~tl  1.2).  J\llolll(l  ti(l;lll}

(ll>l”lll)l  (’(1  (’C)lll  (’l (of !(%%  I’(IIOW  II) Is  l’/lll’(K)l<h 2, Jvlli(li  11[’(,1<( itllo  :11  l(;i~t  N f’l:i~lil(llt+  \\ fitll it  alIl~l,l:lcllt(l

Ivilllitl 2 .lC)Yiiill  ra(iii c)f.l~lllil(t ill lNN6 (I$(k;l[lill:l :111(I >’(YJrIt:tttfi I!)N.-)). ll(J\\’(\I’l. 1101 ~111  ol),j(  (’l\  l)l’l  illi  ;Il); ll’1

I  (’0111 (’1 l’/(4(lll(k(Ill (’10s(  ii])  [)ly)a(’  1 . :{ r(tll;iill((l  illl:t(l  ;ifl(r  :tl~ljh~:t(llillg,  Ivilllill :{ .I()!i:ltl  Iil(l  ii (,I’  .Jlll)il(t

(Iii(”lil[lall  1!)7$1:  l{iClilll:ill  illl(l  K[; II  III(I[( 1!)S1 ), tlIc,  IIglI llli~ r(>[llf i~;i+ c(,llhi>({tll }Iillt III(,  lill;ll (Ii>ll]])lio]l

Iirllil  l,l(clicl(xl I)y Sri(lllal illl(l ‘ll(lll:,ill(  (I!)92) ((/.  I(I, (:{).  l,(l(,\v).

/41 1( ’asl (11 [’(,(’ sllll-gl’a7111g  Colll(’th  ill”( l,(li(\((l  (() II;II(  lIwt  I 1,(111  ((1 ;III:tIl  l,) hol;tt  li(l(,,~  li]tll(l  Ilt;lll

(Iihllll}t((l  I)y vol;  tlil(  III(w.111(  OV(,I  (11( 1;1+1 m 100” J’1’:  l’/(~ltill  !+(’jll(lllll~’l  (’(,111((  ( 1  SS2),  l)/l’(l”tj’lil  (  l!~(i:!).

a)l(l 1)/1  Ii(’J’~-S(’lii  ( l!j(i~~)  (\\”(iSStll;lll  I!)IX()).  Ill 111(’  (’:1~1’  of l) / l l i ( ’ j ~ l - S ( ’ i i i , ol, ili (l!}(i(;) ;IIRII(XI  Iltat III{  w)ttl

i(l(llli(ialjl( flap,lll~’lll+i ;111 (~f\vllicll 11:1(I  II(till(’li:l  11(’:11”  (1.()()S  /11’ II(II  (lii(l~l  allll(li;l  Ml};Il~Il(Il  1)~ :i~  11111(11  il~

6 I\ll,  Itxliiir((l a (Iy]l;ltllic h(’lj:ll”illi(lll ]Il((llallihlll Iik( Ii(lill  llihtlll~lil[l. ‘I,vt,i(;,l  (01(,((  st,lillillp,  Illt(ll;tllih,ll>

((.x,,  [,r(hslll,  Y(leas(  f’lol[l  V(,liltil( g;,, [~(,(’li(l~, ,x[l(hiv,  r{{(lic:,ls,  ;Illl(,lllloll,  i((,  j,llil  i;, ,}f ,,l;,lil(>)  (IIIJ

1. ol~ili  ill~()(ll  l(’1’lllill(’(1  Illill  if ’111( (’0111(1  [Ii(l  110( 11:!!’(:(  r(lljl]l(-l  ~il(hllll(l(tt,  il~to(lllc(  \(loci(im ofa Iiiv III >- “ ’

i t  IV()(II(I  II;I1(  10 1)(, Jv(:il;([  lII;  III ‘Ill(l((]li(  (Ills  n);  lllh” 10 (Iistl]l)l.

‘ 1  II(  l’l:i~lll(lllaliotl  OIIII(SI  (’0111(1s  KiIi(lly  (1(111(111  S1l’illf>  ll(,\\’  (t([l  JY(;lli  (Ii(li[”(ll(iill  y,t;ililj  (’:(11  (Il[{>li(;;ll}

?lIt(l”  111(’  111(11’ l)llolog~”  of Sllliill  I)()(li(h ill 111( holill” h}sl(lll. ‘ 1  II(, fr,(lll(llr} (,I’ Slj!~ c\(tIth II(;II  .J\ll,it(l  ih IIfIl

lillo\Vll,  1)111 111(’  CIill(lillg  I’(’COI’LI>  01 111(  (~:llil(iill  Sill(’llil(h  sllp,~f>t  lllill  SIJ!I \\’:1~ 1101 ;I hillp,lll:ll ((”tlllltll(’~.

(’tlllsllal Cr:ll(r Cllaills calld cat~IIa(, (’Iil+ifi(’(1  ;Ih  nil Vill~ l(jlIg, Iilllill”  I(,\15  (~1’ ((lllilll}’  >[,:1(’{(1,  hilllililll~  siz((l

(’Iill  (’l’>, ll:i~(  1)((11 id(]llifi((l  (,11 111(  .lill,il(l-l;{(ill~ l[(llli~l,ll(]th (,1’ (J:ttI~IIif(l( ;111(1  (’;illi>l(]  (S(’[  1 ( 1 1 1 <  (/ 0/.

19!)(;),  lltlosll  ~lltl  SCll(’llli (  1$)!):;)  llil\( s(ljl,~(>l((l (Il;ll (Ilf (’;11(11;11  :11”( itlll,a(l >(”;llh  {’10111  Sl!)-lilif  ll;l~lllllll

tl’ilill~, csl)(ci;lllj sillc( lll(ir  Illol])llol(,g,y”  :111(1 1()(  ’ilti()ll  [11( illcollhihl(lll ~villl htcoll(l:llj (’llilill~  f’[,11111(1  lIy

CI;Ilf  I fjfc(a,  Sillcf  I)C,lII  (jalIJ”tII((l(  illl(l  (’allih((,  iilr ttl:ltiv(lj  hlllilll  liilg,(th  [’ill  Ilolll  .llll~il(t.  Slj!~-l}”l)(’

(\ ’(ill  S \\olll(l  II(Y(I  1[)  OCCIII”  (Y(’1”~  200”  100” ~(;llS 1~1 1)1’11(111(’(’  111(  [lll>tl”\t(l  11111111)(1  (If  f’ill,llili  (~11 (il(”ll  1)()(1)’

(f+(llt’llli  (/ (rl.  1$)!)(;). ‘ 1  lIlls IV(J  c:  III illl’tr 111:11 li(l:ll ,Iihrllljli(lll i> C(,llllll(,ll ]I(;ll Jlll)il(l.

\\’f ll}l,~)lll(hi?( (Ilal li(lal (li~rill)li(,]l III;i\ alht) (,c(II[  II(2[.  Iarlll. ‘ 1  II(,  1:11111  ih Slllilll(l”  lII;I II .Ill[,il(t,  [,111

il is ill  SC)  Illorc (letIs(, I I III(JIt  olltII  II}  sltI\v-111[)1  itl~(llllatlci]ig,  111(  hl[’(llg(ll  (jf’li(l;il fi~l(’(,h. I I  i> illh[l  illll)l(~;l(”  1( (

asl(roi(ls lllall I)y Ilig,ll-hl](((l Colll(th; (11( lli~ll(l (I(llhit} of :Ist(,rt]i(ls  Illilli(h  Ill(Ill  Il;i]”(l(l  10 111111 ;Il);il’t  ,  I)(II

lll[,ir lo}v(r sj)mxls  ;Illolv Illor( fitll( f’ol li(l;ll forcfs 1[) l\ol”li,  Sitlc( \\(,  Ilav(  }’11  10 h((  ;ill  (\ ’(llt (’(1111  ]1<11”;1111(  to

S],!)  II(IHI  ];aI[]I, II  CIIV(Y(I.  \v( II  IIIS1  10(11{ (lh(LYII(i(  for  (vitl([lct lII; II Ii(l;ll (lihiill~liotl (1(,(> (Ic(’[11.

‘1’ III(Y  IIlaitl Iirl(h (If cvi(l(tlc( Il;ivf (III(IF,((I \vl[icll s~ll,l,()[t 011[ Ilyl)(,tll(sis. I’iht, 51111{}5 (,f’ 111( II II  I;II

1’ I (,1)( C)]”  l\\L,  C:ll(’ll:lf  ’ CJll 111(’ klt)(lll’S  11(<11  hi(l( illlillojl,oll~”  lo IIl(h(  M.(II  011 III(.  (~illil,  iillSlllfil  C(. llfi\(  l(>\”(J~i  ( (

>:il(lli((h  (11( ’lo~ll  ~11(1  I! ’llililli  (’1”  1!)!)1; \\ ’ill  (’lllllilll  :111(1 \\ ’()(~(1 I!)! IT);  Sl(ll  (’11 111(1:11 I\)! I(i).  ‘ 1  11(>(,  (“(1111(1  llil\’(

]Ihllll((l  flolli  Sl<!)-lili({lisllll~ticlll  of l;(’I\k  (Iiolll;( (1 (Il. l!)!~7il).  Sl  (’(111(1.  (loll  l~ltl  (1; 11( I* itrll):l(l  5tIIIttIII{,\

tllill  ~1”(  lllollgllt  to 11() fol’1[1(’(1  l)}’ ll\() asl(l(li(lh  hlliliillp,  ;I l)lilll(till”~  Slll”fil(’(’ :1( Il(ill’lj’  III( >;1111(  lilll(  ll;l\(

11((11  rollll(l  (Ill  111(  l:altlli  hlooll,  ” \’(llll>i ;Ill(l  hl; ll’h (Nl(l(l>ll  illl(l  Sl; 111~1~(,  l’lj’ l!~!l l). I ll(,~t,  (,.X  ((, lltl(lll  ill  Ii, iltlllt,  h

call  I)(’ (,xl~lilill(xl I)y 111( i[[ll):lcl of LV(’ll-  S(’ljill’/ll  (’(l l)ill:tr~ il+l(l”(li(lh  Ijlo(l(l(’((1  l)) lifl:ll IIihlllllfitlt[ (\{lIl~ 11(:11

I;lII II (Il(ltlli( aIICl kl(loSII  I!)!)  C: I.11).  I’itl:lll}, (Ifl:iy-l)olll)l(t I;I(I;II illl:lpl(> c, f  II(;It-l;IttlI  ;l>l(l(,i(l~ (()~llt)
I$)$l:t) I(v(al l)i7al[( sllal,(s tllill  IIl;lv  nil  V( I’(hlllt((l  f’lolll Ii(l:il (Iihlorlioll” (l(llill~  (’1[)>(  (11( ’(,11111(1>  I!illl  1;11111

(Ilolllil (1 (/1. l!)$171~’!’’?’!’): as((rc)i(l>  Ij(i!) (’; lSl; lliilj .1 17!) ‘I(]lll:ilis,  :111( I Y()(il{ Il;  l(’(’llllh  Iol)li  Iilil (lllltlllll(ll~.

\vllil( l(j20 ({(,op,lal)ll(~s  nil  S d lli~lll~ (lt)llp);tt((l [lf)rl~(liw-lilil IIlofil(.

III lllis lj;il)(l, IV(, \vill itlv(,hli~;ll( wlIftl  I(I 111(  ti(l~ll fi(ltl  of 1111  l~iItll  I ih hhljotlhil~lt f(~l M)III( L)I ;(II of

111(~( ])ll(,lloll  l(’llil.  \ \  ’ ( ’  11S(
,., .

it ( 11(~(’1  ,l-l)[l(l.V  111 [)(11,1 \\lll (’11 >111111 l~ltf,.>(’lo~(  (,11 (’(111111  (,1’A  () 1111 )1)11 -f)ll(, ])lO; (,[ 11101>”
f

\Yltll tll(’ I:tll’ 111. /\ f(f,l’ chill’  ;l(’tf ’l’lzlll~  Villlolls  ly} )(> () I li(l;,l  (Ii>llll)iloll  ngilllm, l\(  (’olllllill’t  0111 I(hllll>  lo

(11( olh~[v;lliollh”  ()(lllitl((l  211,0V(,.  0111  collclllsiolls”  ill(li(’ii((  111;11 li(l;  ll (lisl~ll)lif)ll 11111+(  ll[,\\”  I)( c,)llsitl(l((l illl

illlllollilllt  Itlwll;iilihttl  for 1111( 1(1’Slil[l(lill~,  tll( (\t)l[lti(Jll of 1(’,jk  :111(1 (1( 11(,1  II[; II- I; II III  (~l]j(cl~.
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\
lil(’llill’(lS[  )ll.  (’l  :1/. (i

l)i]~;ll}  cotll},;i]li(}lih  l~lf~(lllctxl  l)}” lliis  Ill[xll;l]lislll,  (lI(Jllp,lI  10 (kl,l:tili  111(  l;IrNt flil(’tioll  (II (If)lll)ltt  cr:I(tIh  M(II
,!

011 l,iil’  111 (w 10(/( ) .  (  ollll);  illSOl  l!- 1 , ( 1 1 1 ’ t i l l  Ill, (l Olllllfl (’lilltl’  ]I[)[)llliltiolls  [)11 \’(1111>  ((’(,01<  (/ (//. l!~!)7)  illl(l

NI:II’S  (hl(lohll  (/ (//, 1$)$)7) ;ll\()  yi(l(l((l  goo(l”  lllilt(’ll(S.

SOI(III :IIICI 11 i l l s  (l!)!)(j)  illvthli~at((l  Ilolv 1:11111’> ti(l;  ll f(ll(’(h t[li~lll tll(~(lifj 111( Sllil])(>  of Iti;lll}  l~ill’lll  -

ctthhitlg ;Isl(toi(lh. (Isillg, a tloll-rcllatill~ Slllll,li(’ill  :Ig,gltg,;ll(  il~ lll(ir l]tc)~(tlilo]. 1111~ I’(11111(1  lII;I1  CIOS(  Iill’111

:Il)l)tc)2(”l  I(w 011(11 klI(,iI(lf(l  llIf’  I)()(lj  illlt)  iI II (lolIg;ll(Kl  slI:IjI(  rt,t[lillih(x,tll  of Ilig,llly  (,l(~tig:Il(Yl  ;Isl(l’oi  (l>  hll(l  I

ii> l(iY()  (;(,I~Ia]III(h.

Nl$:l:l)  (’ON(’l j(ll)lN (;/’ll{/ \Nsl’l’los” l’i\l{l\( il{/\l’ 11’?’!’?



\
//i(”llilr(/.~( Jll. (’( :1/

2 M E T H O D

1. N(jtl-sllllf’ticily. \\’( illl’t’slip)ilt(’tl l!Y() (Iiflirttll (tj[lfig[ll:lli(~tlh f’(,r 0111 rlll)lIl(-lJilfh:

l]r(,gttli((~t lik( (Ilos( II*[<I  l)}

a  II(:Itly hl)ll(lical

,\sI)lI;IIIg  ;III(I  II(IIY  (  1!)!)(;) ;itl(l  ;III (llilhoi(lal  l)lop,(liilor”  \vlli(ll  II  ION cl(h(l)

I(h($llllll(’s  I’(’;II l;arlll-ct~bsitl~ (~llj(cth (hl(’1’’ii(l(l(’ll  ( /  (II, l$~~!l; oh(lo” 1!)!1:{; os11”1.) (/ (//. I$l!l:)a,l)), I’ol”

111(  lattoI  C:IS(.  111(  I)()(IJ  was  Kiv(ll (litll~tlsifjllh (II’ 2.S x 1.7 x l.:) 1<111  (1. S ~ 1.1 >. lo llollll:lli~f(l)

Ilo( Illllilif ’ 111(’  axis l“illio (If 17(i!l (’il>l:lli:t (Illl(l>oll  ;Ill(l  ()>11()  l!~!)~)ii).  \\ ’(, Cllosf,  111(  floll~; llf(l  SIlilll(

l,(YaIIs(  Sj,li([icdl l)r(,~(llil(,h (Ilh((l I)y {Ill (Illl(r  &l,)lll)h)  Il:lv( Ioiv(r  g,raviliili(lt[;lI Ilol(’lltl:ll  (ll(l:lfh,

Itl:lliillg 111(111  illllillsici(lly Ill(jl”( I 1hlil  ) (> il~illll>l  11(1 ill (I IS I’1l] 111011 Ill;lll  otll(, l” (’ollfl  ~(ll’?llloll  h,”

2. l{(,lillioll. \\”(,  Ill 0111 ]Irt)g,(lliloh Iol;ll( o\(,l’  a  l’:lllg,(,  (If Slllll  ]Wl”l(l(lh  <I II(I  S])lll  ;I xl>  (ll’l(lll>lt  loll>, 0111”

sl~ll(,lical  l)lo~lllllol’”  \\iih l(wI((I  for  sl)itl  lj(ti(~(ls  of / ’  =  (; II,  wllilt  0(11 tIotI~;Il((l  l~ttlg,(tlitot 11:1> I(hl((l

Ior /’ = .1, (ii N. 10, 12 II, ?il  I(l /’ = ,x (i.(.,  110 hl)ill),  hl(wt  (;irli(t lII(~(l(lh  Ilw(l  l)t(~~tllitoh  Ililllolll

sl)ill sillc(,  (a) ii i s  sitll])l(r, alI,l (1)) (Il,,l(cls Ivilll lr:lll(l(~lll sl,itl il~ih oriftllatiollh” ll:l\’( a  11( ’ill”lj  (xlllill

l)lt)l)ill)ilil} of (ll(otltlt(lill~ ii pl:III(l  tvilll  a },rtIy,l;ill( II01” l’(’1l’(lgl”;  l( (, s )ill,  Illilli  ill:  III( “’7(1’()  >I)ill’”  (;i~(

:1 I’(;lsoll:lllll  l’f  ’lllth(lll:lll\”(’  (’ils  (,. ‘1’lli+  ‘ii\(ljl~(”  l,l,)~(llilol  ( / ’  1 1 ).  llo\\(’\  (’l.  (Iol>  11[~1 Il<((>s:(lilj

])1’()(IIIC(  III( I[lfxli;ill l)l’(,;  hi-111)  OIIICOIII(’.  ” ollr  I(slllts  ill<lit;ll( tlI;Il  III(  i[l((liall 1,11’; lli-llp 0111((,111(  i s

iti>l(,a(l  (Iollllll?ll  ((l l)} ol)j(,(lh  \\illl  ])l”(l~l”il(l(’  sl~ill~, \vlli(ll  :1[”{ hllh((ljlil]l(  10 Ii(lill  tli~tl][]li~)tl ([1(11(

(Ill])lllllisllml 11’(jl’li I)j’ )\s[)ll;  lll~  illl(l  IJ(’117  *I IO IV*  lllih ~;llllf’ [“(’~lllt).

2 . 2  C o m p l i c a t i o n s  lJsing Ro{ating llongateci l{ubble-piles



‘ /{i(’/lilf’(/s( Jll. C( ill

2 . 3  l)escription o f  N’ulncrica] ~’ec]lniquc

(1)



ll’i(”llilr~l~( ill, (f ill

\\ll(,lf,

is [II( fotcc  [)(’t  Iitlit tIIahh  <J]I 111{  i - h i  I);trticlf (11]1 10 111( l;ltll I illl(l (11( (Itll(t 1111)1~1(-ljil( [I:l[li(l(h.  ‘ 1  11(

stcc)ll(l  [(1’1[1  ill  I;(I,  ( 4 )  I’(])1’(>(lllh  111(’  ilCC(I(lillioll  01111(  (’(,llt (,l’-of-liltl~s  fl”:llll(  l)}’ 111( I,:il’111 ;Ill(l is (’ill  (’ill  ;lt ((l

10 Iligll or(lcr ill 111( lj(hitit)ll v(cl(Ir. N(,l(  111;1( ill  (Ilih Illt)(lll,  III( I’ort(  ct~]ltril)lllif)ll of” 111( Iilllll  is  lt(;IIIxl

Iik(  lllil~ frolll  Fillj’  otll(t  I,c)ill[-]]ln+ l)ill~i(’1(  (i.(. it[ tlt( b(ltt[tllitliott.  )li[l ; .1/ ,  1(1 : 1/ ;111(1 >!1;1[)( ffli(ls

illt igllort,cl),  illllloll~ll  111(’  I):l(li-r(;lclif)it  0 1  111(,  rlll)l)l(-l)ilt,  ]~:lrliclm (Ill 111(, I;lllli i> lI(,u,l(clt(l. J\lw).  Ilfitlltl

tlIf li(liil  (’(l”(  ’(’1  of  111(’  S1111  Ilol” 111( l}(tlllrl~illg (,( If(’l of 111(  Nlo(lll  11;11’( 1)(,11  itlclll(l((l  itl  111(s( cal(lllaliotlh.

lfs JYt,  a[(, ])tilllarily itltcr(,sl((l ill 111(’  Ill(cll;lllics of li(l; il I)lt,  illil  l])>, hll(’11  hlotv-:l<(illg  I)(,rllirllilig  ff[ift+ (’iltl

(’Ios(  ill)] )l”oil(’11  (Iislallc( (/ ?Ill(l 111( (,11(  ’011111(1  v(l(jcily  t’-,

I)lltillp, 111( 11111, J)(rio~lic  C)IIIIJIIIS aw g(llt[al(,(l:
.,

Sllllllll ill\’ >lilll~(l(’~ fol” (llil~llohll(”  1)111’  [)()> (,,S, I,atli(,l(

l,,hilit,tl+ :(11(1  V(l,cili(h f(,[ :Ill;iljsis sII(I, :i+ (111111[,  i(l(llli(i(:ltic,tl, iill(l ;Iliitll;tti(,l[ f’r;It II(k. f\lho  11(,11(11(1  i> 111(

illslalll  of CI(M(’SI  :i])\)l’():l Cll (11( ’1 ’iii  l~S(  l)il!4S~ij!,l> )  for follc,u-tll, (I(l(tlllitlillioll  (,[”  111(  ;Isl,r(,i(l  oti(lllali(,ll  ;11  111(

I})irlt  of Ilt;ixi[[t(lltt  li(lal  hlt(hh.

2.4.1 (~ltllil])-fill(lilig  al~c)ritlllil

‘ 1  II(, IIIC,>l l~asic i]lfortllali(]tl lli;il call I,( glf:ltl((l frt)tll a Ii(l;tl (II C(IIIII  III is  III( II;  lllllt’  illl(l  lllll[~(lllt  ()[’  ;Ill}’

sII((I  ]Ilal(lial.  0111 ;Itlalyhis  co(l(  a(Ilott  Ial(> tll(  (;lt(~()]i7:lli[,ll of (il(’11 li(lill (11(011111,] 1))’ i[l(tltilj\ill~ 111(

l)[,\l-(II(OLIIIIIl  (Iisttil,liliotl  of I);llli(l(h. ‘III(  lill”/,(’Sl (tllth~  IIl;l+ivt)  cllllill,  i s  I;il{lll  I(J  I,(,  Illt ],],,g,,llil~~r’s

Iilt(lisrill)!({l  r(])taiiw. ‘ 1  111 OIJI(’(JIII(  (’I;IW>, lvllicll  Is(, (I(lill(  ill  S((li(]ll 1{,1, ;I[( hilllj,l~  (I(l([lllill((l  I)j III(

111:1+> fl:,cli[)t) of lIIIw  I(lli:,itls.

‘lo  fill(l (’1111111)>, \\ ’(. (I,lillt il ‘I’il(l ills ol’illlltltll(t”:

( ,)
1/;{

/(’]l  ,11 = )’ ~;,;; (i)

is (Iif 11 ill ra(li[]s (11[(, clt;tr:{ctfris{ic (Ii>t:tltc( <Jf ittflii(tlct ill ill{ t(htticl((l tlIttY-lJ(I[l~ [IM)I)I(III;  ll(tt ~)), i>

111(,  Cllllll)) 111;1+ all(l 1 i> 111( (liSlilll  C( of III( l)l(,g,(llilor c(lIl(r  (Jf’IIIiI>X  fl~)lll  111( 1{11”111).  1,,,:,.  i+ 1111 lllil  Xillllllll

(Iilii(tisiotl  of”  tll(  (111111]),  :itl(l  II, is III( 111111111(1  01 l~;ttli(l(h ill III( (1111111). I(I. ( ( i )  l~;l~  ill’1’i\t(l  i l l  llll’(  111*11

(I”iill-  ?lll(l-(’l”l”ol”  iill(l  III  Colll[)ill”illg  (11( (’(,111 ]}[1(((1  (’IIII(IIJ*  tiilli  a Ii>l{;ll tx;ltllill;ttiotl of” II I,, (I: II;I. J\lll  IO IIy,l I

lill)l,(l~ (llll,irical ill oli~itl, il II:IS  I)(YII  Iollll(l  111:11  [Is(, of”  Illih  ft)ritllll:l  ill  111(  CIIIII  III (ilihlilip,  illp,ol”illllll  lthllll~

ill :1 l(ty lIlgl  I (I(,l(cllotl  acclliacy  ])(,I((II1:IL(. ‘1’11(  II>( 01 11[( II  I:IX()  I(lll(liotl  sl[i!i(h  :iII  (x((ll(IIt  I,;il:it,((

l)(l\\(([I  g,l;ivitilti(,llal  as>c)cia(i{,li  (Yiil  (1[( Ilill rii(lil]>)  :111(1 l)lljsic:il l~h)xil[lifj.

Illil ially l;q. (6) i s  IIS((I to fitl(l (11( r;i(lii  of itlfl~l(llc< of itl(livi(lllal l~atlicltx (i.(., ill (11( f~)ltl[llla, 1~, ❑  1,

)11, i> 111(’  ))illli(’1( Illam, :111(1 (,,,:,. i> 111( lji!l’tiClf, lil(li~ls), l~:lcll  IIal(icl( is (’Il(clil(l ill 111111  II) SI( !Ilifllllr  llI(lf

:11(’ ?11>’  (n’cl”la]h 1)( ’t\v(  ’(’11 Sl)ll($lt,  s (1 f  illflll(llc(. lfa II t~Y(Il;Il)  ih tl(l(c[(d,  III( l);irlicl(x  :11, IIItI~~d  logI,(lItI  10

fol’111  illl“awc)c  Iat i(~tl” or “l,lc)to-clllllll)”, ‘III( algo[illllll 111(11  I,Ic,(’,((1>  il([illiv  (l}’. fi[xl I’((’;ll(’lll  iltillg  lil(lii  of”

itlllllcllc(  fol”  ally 11(’\V  ilssoCiilli  Oils  (’1”(’:11(’(1,  111( ’11 cll(’ckitlg (l\ ’( ’l”liljlS for I )  C)  I l l  Il:ltticl(h tlll(l a+~tl(iitlioll>, (Illtil

af’((1  a  C(JIII]II(l(  II:IS>  111(1( is II() clIalIKt, ill  il>-+)(’iilli(~ll  111(’ttll)(’lfillilj,  011(( Illi> 1)1’()(’!(1111( (Iriliitl;lt(>,  illl)

ass(~claliolls  \v ill  I llIt(Y’  or tII(~r(,  l~:lt[i(”l(x  ar( Cotlsi(l(,rt’(1  10 I)( cIIIIIil)>.

(’c)l[il)[lrisc~llh  I)(l}v((ll  111(  iilgolitll  lll’sl(h(llls  i+ll(l  il vi~ll:il  (xatllill:llioli  (~f’olltcc~l[l(>  Il:iv( yi(l(l((l  f;l\olill,l(

llli+t  Cll(’S  i]i  11(  ’:11’f~  illl  (’:1S(+. III  a(ldilif)ll, tllih sillll)lt clllllll~-fill(lillg, rt,lltillt \v:ts COIIIII;IMKI \villl 111(  OIIII)IIt

fr,)til  S K I D  (St:(d(l  (1 (//.,  ill  ]Il(l,:ir:ilioll):i, a  &(,[l(r:lli7txl  c()(I(, (n, \’(lo]l(,  (l lo]” (’(~.~l  llolog,  i(il” I  fii]lllllfllit)ti+ (Ii:!t

fill(ls ~la~itatiollally I)OIIIIC1 glolll,s ill .I’-l,(,(ly Silllllli,li,ll> 1,} Ioll[)lvillg, tl(llhil}

“fli(ll~l>-(,ff[i(lltls”

~l:l(li(lllh alI(l  llxill~  III(

l(clltli(lil[.  ‘l”f IIr( \Vil+ II(J  hip,liific;ltll  (Iiflil(l!c(  ill  (I(ttclioll ~icclll;lc~ 101111(1  l)(l\\’((11  III(

t\\ ’() 111(  ’tllc)(lh.

‘ I lie  (,,,1,  is l,(ll)li[ly  <Lv:iilal,l(  f,,)],,  www-hpcc  .astlo  .washington  .edu/tools/Sf(l  D/.
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rlll)l~l(-]~il(. ‘1’11( f(,ll(,witl~ ],iol)(r(it+  ;IIC  111(11 II I(;ISIIII(I:

11 = ~ /r/,l’) x\’). (!))

27 27i
/’,, ,,, z ~

p 11- 11,1
(lo)



11’i(”llal(lw)ll.  (’f :1/ 11

2.4.3 osclllfit  illg  <J(,lilt,llts



l/lf’/lilf(l.(Jll,  (/ :1/.

3 R E S U L T S

3 . 1 q’idal  Fjncoullter  Outcome Classes

111 (11(  cc)llrh(  O f  I,([fotlllitlg  ()(]] Sillllllilliolls  IV(’  follll(l  lII; I1 diflitttlcfh ill titl:ll (IICOIIII1(l 0111 (’OIII (S” (’0111(1  1)(
(I i ! ’ l( l f ’(1 1 I I1O folll” I)l”();l(l 1)((1 (11~1111 Cl (’lil  SS(’h. ‘I”fi[w (Illalilalii(, tll(,ll)llfjl[l~ic:ll diflittllf(h art 1!(II cott(lalfxl

!filll tt sitlllll( lJalatIl(l(t, lllf Ilohl-(’1l  (’olllll(’  l’” Ill:lw It:{cliotl of 111( l,n)~tllil~)l (.\/,, ,,, ) .  1 III cl:I+sIh iIt(:

1 .  (’;+lilsllc)l)lliC 01” ‘“S IJ!I-l J’[)(’” ) \\ ’(, cla+ify 111( (Ii>[lll,tit,ti ;,> S ClilS> \\ll(ti  111( l;,r~(>t(Ilhllll)l  loll  ( s  (’I; lss

wltl:~itlitlg f_l~IKIII(tIl  I(taitls 1(ss 111:111 ~J(l(X of tll~ llr~)g(llitot’s ol”ip,illill  II  I;IM  (Ii:.  2:1).  l’c~l  llli~ tII(hl

<ll’illll:lli  C C)llt  CC)lllf  ’ (’lil  S>, 1}1( ((lllil,c,l(llfiitl  >[111’;I(’<  (wllicll  is  l\(lJ”\\ll(’tt  I)tl[,l  tl(ll Illl;  Il 1,)  111,  I(l(ill

~tavil}. itlclll(lillg li(lal 211(1  ((lll[if’11~:11  11[1115) 01” 111(  rlll)lll(-l)ilf astt,r(li(l  is slt(tcl  I(Yl illlo ;I sl]itl(ll(-

Iili( Sll:ll)(  l~(,itllillg  1(111’ill(l :111(1  :l\\;lj’  1’10[11  111( ])1:111(1 :11  (10s( :11)1  )l’(l;l  (’11. I’:illi(l(s  (J(ll>i(l(  III(  tIvii

(’(llli  l)ot(’llli  ill  Slllfil(’(  II1OV( ‘“(lo\vtlllilli$  10 f i l l  ill lllilt  >Ilill)(, llIoll~ll  friclioll illl(l III(’ l~ilt’tj(’1(’~’  f)ll’11

ill(l’liit  l)l(\’(111  Ill(’Ill  11’o111  itllivilig  ill  lll(il II(IY I)fhiliotls ill~lil lll:lll(ollhl>’. f\h 1  II( [(11)1,1(-l)il(  It(f(l(h

flolli  (11(’  I)lilll(’t,  it colllitlll(s  tohtl(l(’11  illl;lll  l\llil(& l’;lYililliollill  illhl:tl)ilili(>illoll~  III(,  1(11~111  ~l?l(lll:lll~

(’; IIIM, I);{tlicl(s  Iocl(lllllj  illl(,  il 11111111,(1  oflc)llp,lll~  ((ll];ll->ir,(l  l)()[li(~.  ‘ 1  lli~  (Ii>[llt,lioll l~l)f ih :III:II(IXOIIS

(() tllal S(’(’11 M’11(’11 (“0111  (’1 Slj!) IY:IS I)llll(xl [Ilml”l Ilf ’:11 .Illl)il(r (~~. S(cli(~ll 1).

[Nlol{l 1S1’()  Nlll)ll) IN ‘1’111S l),\ l{ A(~l{\I)ll] \\’( fitl(l (Il;it 111( (Ifl)ri> tl;till l(,tly,lll  /, p,lt)ivh  allll(hl

litl(atly follotvitlg S  claw (li~tlll)lic)tls (1’i~. ;{),  ?IS  ih fxp(cl((l  f’~)t II}ll(tl)(]lic (tIcolllIl(rS (ll:IIIt I, l)tival(,

cclttlttllltlic:iti(ltl), ill CLllltl”ilhl  10 111[’ / ‘/:i asyltll)l<)lic /,l”olYlll 111[1(1(’ of[)ill”ill)(lli(”  lllo(lfl~  ((,. X., S1’i(lllill illl(l

‘Ir(,lllaitl(  1$)!)’2).  Iftll(  f’llll(l;l  lll(’llt  ill 11’it\’(1(’ll~tll  of’tlI(  p,r:lIil;iliotl;ll itlsl;il)ilit} A i s  I:llolvll, [Ilt 11111111,(1

0( cllllIIlv+  cxlj((l(,(l i s  sittll)ly  giv(ll  I)y 111( I’iltio  l./A  ilt >[1111(  (’1lill”il  (’1(’  1’isli(’  litll(  ( (  ’ . # , . .  l“1”(’(’-f;  lll Iilllo

f’ollotvill~”  (Iist(lljtioll.  I( 11:1S 1)((11 follll(l  tllilt  il bil[lt~l( .J(illl>  :Il)l,loxilll;lliotl” 1(, A I)r(,li(l(+ il I’(ilhollFll,l(

Illilt (’11 10  (11 SI’(ll~lloll  S \\lllllll this  Clils~. Llol(  \Y[~l”li  ih 11(((1((1 10 ~(ll(l”illi~(’  111(’  111((,1’J” 1(1 (1111(1  (Iistlll,lioll

(11(1 Slilt(b (Ilalllli  ill  Ij[(l);ll;ltioll).

:1. Ilil(l (Iislul,tic,tl ( h i - c l a s s ) .  \l cl;tw (Iihllll)tiollh :ilv lII(M,  fol  \vllicll  III(  sltil)l)(tl til:il(li;ll il(’(’olllll  S f o r

1(*> lll:ltl  10(A 01 111(  l)log(llilot”s lll;l~~ (1’ig, Y e ) .  111 lllih cah(  OIIIJ” \lllilll (“1111111)*  (II iticlivi(lll;ll I,illli(’lf>

a l  111( Iitllil of 111(’  1110 (1(’1  r(>olllli(ltl  ill’{’  I()>t.  Iloiv{,v(l, ill  111( 1)1[) ((>>, 111( ljtc)~cliitol >Ilill)( i> oflfll
S[]ollgl} (Iis(<)ltt(l. /11+(), ollt hitlllllaliolls t~’l)i(’illl~  hllo!v  lllill  ill tll(,~(  I)(j[(l(llill(  ( J 1 ’ ( i l l s  111(’  (11(1  of 111(

I(ll)l)lt’-llil( s~villgitlp,  I)y l~a Ill  I tI(;ir  I)(lig(v sllflih 111011 (l(jll~illi(lll  :111(1  Illilhh  hll((l(litlg (Ii; lll tilt’ lilt”

tlld. ‘ 1  1111s,  tll( 11(  ’:11’  (11(1 I)(f(ll[lf% klllg  all(l l;lll(l’( (1, Ivllil( 1111  f i l l  (’11(1 It, [llilills Illol’(, >1[~~11,  Ill Sc)lll(

(’:1s(%, [II(w (II(IS  a l s o  r(laitl hliidll cllsl)h  slv~l)l  l):l~li  :Ig,iljll+l  111( (ljl~’cljoll  of lolilljoll.”  ljli~’ :1 l’jll~~ll~’(1.

Il}li(lll(s (~f.

i(lill  10I’( 1(1(>



[:{



II

‘ 1  II(, ((lirli\(ll(h~ of ti(lal (lisr(ll~tioll  :Ilso  (I(lj(ll(l>  011 0, tll, I(ltilli(Jllill  1)11:(+(  of tll(  1111,1)1(-l,il(’>  l(:l(lill~ lolIg

axis :It Ilfrij+((. [)IIr tIIIIS  *lI()\v  111:1(  lvlI(tI  111(  l(;i(lill~  IOIIP,  :Ixis is Iol:lt  illg toli:tt(ls  1![( l/IftlI  ill  [II(  l,t(,gI;t(lt

s(IIs(,  li(liil  tol(lll(”  iill(l  (’(llllifll~il I  fol(’( lVolli tog(tll(l  10 (’llll:ill (’(  (Iis[[ll)lioll. \\ ’11(11 tll( It;l(li[l: 1(,11~  axis
i+ r(jtatiltg ait;l} fr(jllt IItf l;al’tll, ti[lill  tol(jll(  i]ll(l  c(lll,il’lly,a I  folc( c,J,J)(h~  ollf ;Illc,lll,[ I(,  cI,I(I (Ii>] Il])tiotl.

I{(c;lll llIal  ti(lal k)lc(w 11(:{1  1~(’ri~l(  slt(lcl I 111(  sII:II)(  (Iftll( ((l(lit)ot(]lli:ll h~lrfac(  of (11( I,o(ly ill III( (Iit((lioll

of [II(.  IItil’tll; l)illli(’1(~ IIIOV(, “(lolyllllill”” 10 ( i l l  tll; tl slIalj(  if’tll(}  C;III.  \\ ’11(11 !)OO <  0 <  lNOG, lI(~Iv(\(I, Illi+

II I(JV(, II I(III is CIl)[)os(,(l  1)~ Iotilli(lll  ill ill(’l” [iii, \Vlll  (’11  ()[[ (,11 (’ill  lh(, > tll( l]; ltli(l(s 10  (’ollil[)h(  1):1( ’l; 1[) 111( [’(,1  [111;1[11

1111~1~1(-[)il(,  t}l)icfilly tlliikitl~tll( slIdl)(  lllolt’~1~11[,1’i(’ill. ‘ 1  Ilis iksitllil;lrlo \\l Ial lIiil  II I(IIs t(, iI 1111,1)1(-])il(  \\i[ll

I(tl’()$!,l”ii(l(  s[)itl.
Sill((.  lY(  11(,(,(1  (/ l)(i\v(YtI  00 :11111  {)(1°  10 :Iclli(l( li(l:il (Iisrl[l,tic)li, Iv( 1[~ 10 ‘“; lirll” 111( iliiti:ll II II; ISI ;III~l( 01”

111( Il(dy (() I’(’;i(’11 0 w 1:)”. [lllf(I!(lllt:it(lj if i s  (Iillictlll to co]lsltaitl il ~il(tl I,(III tf)  IISI ;1 Ij;illi(lll;lr  J;IIII(  (,I’

0. ‘ 1  11( I(asoll  fol  this  is  1111(  (’-fol(l:  ( 1 )  lol(lllitl~  lfli(ls  Cl(,>( I(I  I,(lip,((  IIlilt  (1(1,(11(1 (,[, (11( oliflll;ilic)l, illl~ll

oft(ll Cllilll~l’ tll(’ mtiili(~ll  l’?ll (,; (2) 111(1’( i s  ii s l i g h t  :I(ljllhlt[l(lll  ((x)lllrilcli(jtl  (It (kl)iitlhi(jti) tll; ll (1(])(11(1>

oti 111(  irlili:il r(}l:!lic~tl  I)(rio(l; iit((l (:{) tll([( i> il *111:111 ~((’lll;ll’ illcl(:l~( ill ;IItKIIldt 1110111(11111111  tlI:Il  i+ :111

ililii\oi(l;ll]l( 11111  colltrc~llal)l(, c(IIIs(,  (l II(II(I oftll(  1111111  (1’i(’ill  collisioll” ill~(jl’illllll  (( ’ollllollill~l(”  ill  III(, s(II>( ill; il

:1+  tlI( till](,-sl(,l]h  :Ir( f’(IIc(,  (l 1( I II(, S]ll:ill(]  111(  sl,llrioll> sl)il,-111, illS(,  (1, (1(;1,(> ill wI(til}). III I)l;i(lic( sl)ill

cll:lll~(,s (It) 1101 Cxc(’(’tl b(X of 1111’  itlil ial Vill(l  ~’. 1)(11 ll(\”ll’tll(’l(ss tll( (11”[(1 I l l ;  lli(,>  it (Iilli(lllt 1( I ((jtlsltaill  ()

(. X; IC II}’. N[or( I)lwls(l I’1 111>  (’all 1)(’ 1 [1:1(1(,, 1,111 (,IIIJ :11  tlI( Ixl~(li5( of i[ltr,:lw(l (’l’L] tit,,,.

‘lo K(I al(~lltI(l lllih. W( IIS( ;I triiil-il  tl(l-([tol  l(xlitii(lll( tll[()\vitlg,c)lil 1’1111+  Iyilll llllfil V(ll’; ll)l( O ;Ill(l I’olil[illp,

111( sta[tilig lJlta5t artgl( (I[tlil  a  f:ilt)l:ll)lt O i s  ilClli(\’f,  (l. ‘1’11(1~ is >Illli(i(lll \iiri:ltioll ill  0, lI(I\rI\(l ,  t lI:It 111(

l ’ ”0111  (’0111 (’s s lo\vtl 111  t i l l s  1):111(’[”  (10 1101  :ll\v:l~h follo\V”  il hlllll Il( I)all(,lll, (fl”(,ctiv(lj  a(l(lill~ 10 111( (Iihcr(,l(tl(w

ti(~is( ill  III( ()(IIcc)III(’  I)l(lth ( ( g . , 111( 11 0111( ’(}1[1( t-[)1’ 1/ = I.(i //. , r-.. = -1 1<1[1  h- 1, 1’ = lo II), ‘1 II(, ()\  ’fl’;lll

trfll(ls, llo\\(’\’(r, iil”(’ (’Ifiil”.



‘ I i i ( ’ l l i l l ( l . o i l ,  (’/ ;1/. [ .-)

111( illt(rt,>litlg, c;lw, (~f’ ti(lill  (Iisrll]}li(lll  l,>  (~111  klo(~ll (:;.:{ X (’111- ‘{ ) .  ‘ 1  Ill l’(v.lllt~  fill”  11}11>5  (lf ’111(  Nlooll” l)) 0111”

r(ll)l)l(-ljil( (/’ = 6 II, (} = ())  ar( sIIOIYII ill l’i~, !, (((llllllill( l(illl I’iy,.  ?1!).

It i s  illllll((li:tt(  ’lyil]j]l:ll(lll  111;11  111(  Nl(,  (,ll  i> 11(,1 II(;IIIJ’  il>(ll”l(’liY( a> 111(  l~:Ittl I ;II  (Ii>llll}titl;, rlll]l]l(,-I)ilt5

1,((’illlS(  its 1{()(’11(  Sl,ll(l( i s  (JIIly 011( ([ll;irl(t tll( hi7(, of I;:lrlll’>. 11(11((,, Iol 1~1”~’:11(111)  10 OC(”III”.  illl il~l(loi(l

or (’0111(1 11111s1 tf’;  l\’(’l  CI(h([’  (() 111~ Nl(loll illl(l II;  IV(’  ;1 SIIIZIII(I  (I ICOIIII1(’1”  51)(((1  Ill; lll :It III(, Iill”lll. \\ ’i Ill III(,

Nl(x)ll,  Iloll(vfl’i  011( 11111s1 HIS()  ~C(’olllll f’ol  ?Ill ;I[l(lili[ltl:ll Iilcl(ll”: III(,  collll)itl((l illll’:i(”lillll  (If 111( I;lltll all(l

hlo(,ll. It (a(ls(s ii I)()(ly  Ivitll z(rc,  v(lo(il~ tit itl(illily 1(, I,(, I;l (’(’(, I lr<ll(, (l 10 ~ l.. ) I< Ill s- ‘ l)} 111( Iitll( it

ttacllw [Ilc Nl(mtl. l’i~. 5 ~lIows  IIlal t . Yillll(’h  (’Y(’11 sligllll~ ill (’XCl’ss of 2 Iilll h - i .](s(111  itl \irl(l:lll}  II()

lllilS>  I()\*, /\lS()  IIol(  111~1 tll(’~(’  l’VSlllt~  {1! ’(’ lo!” filV(,l”ill)l( \illll(X (If (). I[(IIC(. {l I(J(lg,l I *l Ill ])()~~illl(,,  si~lli[ic:itll

li(lal (Iisrlll)tiotl 01 (Iist(]rlioll of” l;(’,\s i+ Iill  tIIot( Ii fi(l} to occIII  ill  111(  JicillitJ  01’[11(  I; II III III;III  llIf II(KIII.

‘1 11(>( I(%lllls  lllil~ (x])l;litl  \\lly  (’:tl(ll;l-lj’11(  (’1;11(1  (llaill> ])]<,l)ill,l,l (lo 11(~1 (xi>l (Ill  111() Iiil’tll  (Ilollli(,  (/ (1/.

I!)9721; (/. S(cliotl 1 . 1 ) .

l’i[lal l?, 11( Il(,t( 111:1(  III( Illll;ir 1(s1111s,  (i(l, tli(,llgI,lI  I I,,} :Itfs(~II,(ivlI:Il ;Ifli(l((l 1,} 1 ;lltll’s~l:llil},sll~<(ht

tllill  (Iisllll)lioll ;tlllollg hlllilll(l” I)()(li(s  itll(l;l(lillg, IVilll ()]1( illl(llll(l (i.(., iiht(,l(ji(lh  01” (’(11 [1(,1+) i~ Illllili(,l}’  1 0
()(. ((11 11]11(.hs I)olll (] all(l t’-. al’t V(’1’y If)!v.

‘[’() ~illlj!,(’ II()$V 111(’  Sll;l]l( of 111( rlll)lll(-l)il(, ;Ifli’(ls li(l:ll (Iist(l[llioll, IV( nil Y(’ (’0111  ]ll(’1 (’,1 Illiil l}” I’11115 tlilll (1111’

co(l( Ilsillg ii 11(:11-bl)ll(li(:ll ]jrc)p)(llil(~r.  \\ ’(, ;Ill”illlj+(’(1 tll(’ l~:trli(l(~ ill “CICjsl-  ll(X:l:(~ll:l  l-[); l(”lii  Ilg,” fl)llll  l\ ’illl :1

]);i(’liill& cflici(llcy of ~J2(A. ‘I’f Ii+ yi(l(l((l a >Il:il)( (, I l)llysic;ll (Iitll(tl>ioll 1.!11{ X 1.!12 X 1.SS Iilll. ‘ 1  II(’  I(liiilillillg,

lliil~llll(l(l’S \l’(1’(’  sitllil;lr 1( I tll( (loll g;ll(’(1 (’;1s(.

l’i~, $) sIIOIY>  111(  Mslllts  fot (Ilis tlil~l)l(-l]il( Ivilll 1)  : (i II  :111(1 {I I ( )[’ .  (’ollll lil[illg,lll(>l It>lllls \\illl Illr

(lo IIg,;Il((l l~to~(llitor” 11111  51101vII itl I’ig. ‘!”!, w(, i[lllll(xli:ll(ly S(Y, 111:11 0111 >I]ll(ti(fil l)[()~(,tlil()t is 11111(11  ]tl(~r

I’(Sl>lillll  10 ti(lill  (Iisrlll)li(]tl, }Villl fill’ 1(, \\(l illsl;lll((~ II f’S, Il. illl(l KI (’lil%~ (Ii>r(ll)tit)lls. Ill(l(t(l. (!i(”lf,l :11 51[1;111

(/, 111(*( I,slllls ill’(, sitllil;lr  (() tll(l~l  f(,l :111 l’l(,ll~)ilt  ((l  l)to~)(tlilor”  :11  111( \l(,(,  II ( 1  ix. ~))!  I{((iill  II I;II  Sijll(li(;ll

l,Ic)~(IIil(,IY  Ilav(  Ic,IY(I  gtdvit:ltic)tl;ll  I)(jl(llli;ll  (il(lKi(*,  IIl;lliill: 111(1[1  illlritl~i(;t 11} 111(,1(  *(:11,1(  ;Ip,:lillkl  ti(l:il

disllll)tioll lllall ()[ll(r (ollfig(lr:lli(ltls. ‘1 II IIs. >[111(,1’i(’ill l](~(li(v+, \villl Illlift)tlllly  SIII;III  “1110111(111  ;IIIIIS”.  ;II(  1101

hllllj(,  (’1 10 ;l~  ~ 1 ’ ( i i i  a  (l(&l ((’of ll(liil  bll(,  SS  i l l  (’1(  )>(, ;I]llll’oil  (’11 :1~ (loll  &ill((l  (~11.i((lh  Jvilll  I’; l\ ’olill)l(  ;lli:~lllll(tll

(i.,.,  () I,(ll\’t(ll  0 ’ :111(  I !)()”),  N’(I1(  lII;I1  ,  fol” (11( Il(ill-sl,l  lll”i(’;  ll  (’il~~’. 111(  ori(tlt;lli(l]l itl~l( (~ :11 I)(tig,(( ll;i~

Iiltl( tll(;illill~ sitlcc tli( ol)j(cl i s  ]if;illy sjlllttl(lri(. (Jlll(rtliw, Iv( MY, III( S; IIII( lrII(l~ \villl t(fil~((l  I(I (1.
(, . . alI(l 1’  :is  f’c Ir (11(  (l(~tI&al((l  tjto~ttlilol”  , II:  II II(ly llIal l~I(,;Il;IIII i~ l’; I\(II(xl 1111(,11  III(w \;IIII~,s :11{  SIII; III.

\\ ’(’ II:IV( ~ls(l (Xillllill(’(1 tllf ’ (fli’(’l of 1!1( s]}itl :Ixis (jl’i(lllillioll ((1 illl(l ,7’) f’(, [ 111( l,(;\t-hl,ll([i(;tl (’il+(. Ill

all I“(llls  Imfollll(’d, tll(’ l’(wlllls sllc)\\ 1[”(11(1> \vlli(ll ill”( cotlhi>l(,tll Ivilll 111(,>( of (11( (IOII:;I1((I (:1~(, :Iltll(Iil~ll

Cl Ii II IN(S ill  OIII(YIIII(, )’ Il(llc( fo[”  1111  Il(ill- hl)ll(li(’;ll (’:IW, I)lttllill[l i~ stillS( .(111 l(>>S S(, llSltl V(, 10 \’illl;  ltloll~ I l l

f;i\c)r((l fol Ijlc)gl;l(l(  sl)iil ((I <  !)OO) all(l r(hisl((l for I(ll(lj+l’il(l(  >I,itl  ((I >  !)()(’).

‘1’() (ll((li 0111” [(%(lllh, IV, (’()]  II II:IIC 0111 ()(11 (’(,1 [1(> 1 0  hitll(ll:(lioll~ I,(tf(l[tll(fl  I,j ,~s],ll;tll~  :111(I  Il,l,?  ( l!l!l(;  )

(lllcir I’iy,. II),  I,ili($  Ils, III(Y II>((I  ii hllll(li(”ill r(ll,l,lt-l)il( Irilll ii I)lllli  (I(llsity  01’ Y.() g, (’111- ‘ { .  llo\\(\(l.  Ill(j’

II>((I  il rlll,l)l(-]]il( !villlolll I“olillioll”  011 ;1 ll:lu:ll~oli(  ll:t,i(xt~)l}  ({ .  .  = () Iitll  ~- ‘ ) ,  wflil(,  I\t  115((I 011( Ivilll

1) = (i II  l~lo~rn(l(  C)II  lljlj([l~oli(  lta,i(cloli(>  Ivilll  t-.  ~ :1 I i  I l l  h- 1. I’ol’lllll  ill(l)’, 11’(1111  \Vll~ll  \\( llil\’( I(illllt(l

ill  111( Ilr(viollh h(’cliotlhi \Y( t(c(J~tii7( (Il:lt 111( I,logl;l(l( sl)ill itl 0111 Illo(lll is ofl”wl I(I :1 (“(ltilill  (X1(111  I,y

111( fiisl(l lrdj(clory. ,~sl)ll:lllg iIII(l II(II7 Iollll(l  Illill  S - ( ’ l a b s  (li~r(llj[i(~tls ()( ’(’(11 M’llfll {j < 1. I II’ , ((ltl~i~t(tll

!villl (Jill” I“(,>U IIS. ‘1 I[cir I)lol illho hllo\\s Sli(lll;ll illl(l ‘1’r,lll;litl(’s (l!~!~2)  (Ii>ri]l)lioll Iilllil al (/ - -  1.S // ; 011!

I’(xllllh SIIOLV :1 II (’f~~~ (V(Ill :(1 tll;lt (Iislilll  (’(’.  1)111  ,N (’1;1%  (!”(,111s f’(11’lfl(l’  ii\l’ilJ” lII;III  (Il;il, ‘ 1  1111S,  (11(  t\\[) C()(I(’5

;It)l)(’ill’  10 ~ir(  hill lilal’ 1“(’hllll~.

3 . 2 . 7  Slllllllw’y
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. /1’1(’/lal”(lwJrl. (’( al

cllllll])~  ;111(1 fl’aglll(,llls

3.3.2 orl)itd ])iil.:llll(!t (u+ of 1)01111(1 (!jx. ta

>\lllloll&ll  111(’  Illllfi o f  all S11(’(1  IIldl(l’iill llltiltlill(l~ (>(’il])(> 111( ltlllllillll r(ll)l)lf-l)il(i a  lIOlI(,llII,lI,~S  si~llili(’;ltll

alll(lt(lll  1“(’llliilll~  ill  OI’1 )11 dl’ollll(l  111(’  lll’()&  (’1111()1’  (’2”2(A  of”  :111 tll(’  Ill;  ll(’ll  ill ~1~(’1’;lg(’( I  (jl([  ;111 tli~llll,lii( c)llt-

col,le~). ‘I’l IllSi  ii is Iilifly 111:,1  Ii(l:(l clisr~ll,li,,tl is (’il]l:ll,ll of” crt:ltilly, I,ili:irj :l~l,lt,icl~ (ll[,lll; ( ;,l,  (1 \l(l(,  >lI

I!l!)(i:i$  l,: (/. S((tioll  . 1 . 1 ) .

/!1 I(il>t  2:{ CJflll(’  27 S, 11, :111(I  Ill  (’I; IS*(, V(,  IIIS  ill  ‘1;ll  )1( I  ])l;l (’( (’111111]1>01  sillgl(,  l);ttli(l(,s  illtc)  1)01111(1  otl]il~.

‘ 1  Iii* Y; IIII(  llli~llt  1,( (v(II  IIig,ll(r .  sitl(( Iy( only  (ollsi(l(,l  l)(jlllI(l  (Ill)i(s  illollll(l  tll(,  l~lllll;IIIl  1111)1)1(-l)il(:  S (lass

(i(llt~  II  lit}’ Cl(~l(($  111[[1  [11)1(’  Illllillj  S}  ’*1(,1115.  011 ~11’(1’fl~(,, (;t(ll  (li~j{il)li(j]l  IJl:t((,>  Ijio  l’Iay,III(,  IIts  (CIIJIII])M  OJ

>ill~l(  ]);irti(l(s) illlo  (Irl)it.

‘ 1  II( Ill(xli:ltl  s(lllilll:ijol  ;ixi>  illll(jll~  ;I II 17 (~tl,ilitlp, f’tiI~III(tIlh f~IIIII(l ill Ilit ‘1’al,l( I  IrIIIIh  i> (i.y kIII. ‘1’11(

111(  ’:111 i s  II II ICI I liigll(r (:)6 Iilll, l~illl sl;lll(l:ll’(1 (I(vialiotl @ = 2.1$) lilll) sillc( ft)~ll” f’l”il~lll(’111~ II’(I”C  1111’()\l’11 0 1 1 1  10

(/ : 1118 l(jNO lilll. ‘1’11(  IIl((liall  ccc(tltricity  ltJl  111( 17 l,~)(lits is 0.77, with 111( Ill(all sli~lltly hlllilll(l  (().7:{,  o

=  ().2(1).  ‘J’flf  Illf(liall lj(rialjsc (2.(1 fitll) is slllall (llollp,ll lII;I1 a  11111111)(1  of’tll(w otl)il> al< l~tol)al)l} llllSlill)l(’.

l“illilll~,  111(  Illmliatl itlclitlalioll (,I tll,w I)()(li(s i+ 7,’2°, Jii(ll 1]1( ilVtla~( sligllll}  lli~ll(r (  12.:{  C’, O :

1S.:3°).  ‘1 lIw low V;illlfs  iir( II()( hilr[~tisitlg, gi~(]l  lllill  III(ISI })a[licl(> :1]’, slril)l)((l ()(1” ill tll( r(il)l,l(-l,il(’s

t<lll;ltori:il’?’?’? I)lall( ;Is litl;ll Iottl(l(s l~[t~(lllc( illl (k(’(h>  of tc)t:lliollal  ;llljJ, illill”  Illolll(lltlllll. 1’111111”1  h(;ll(  ’11(> I’(11’

I)iti;lti(s illll Oil/, I’(’ifh hllolll(l  ])1’ol)ill)l}”  I)(’  (lit((l((l  101{  ’:11”(1 III(  (’(lllilt  (ll”i;ll’?”?”?  ],lillll  01” III(,  1,(,(1}.

3 . 3 . 3  Sl)ill  alltl slla])(~  rllallg(,s



—
-J.



‘  /t’i(’/lil[  (lS[Jll. (>( :1/

4 C O N C L U S I O N S

4 . 1  A p p l i c a t i o n s

Slatlill~ f’rot  II tlIf  ])r(t[lis( 111:11 lill’1ll-(’I’os  hillg ;(~l(tt,itlh ill’(  illllillkic:lll~ \V(illi rtll,l,lf-l)ilt~, ~,111 siitllll:ilit,tlh

IItovitlt (. Yl)lilll: itloll\ for Solllt”  Illlllhll:l I 1,11(  11(1111  (11{1  ill 111( l(tltslli;ll 111:1111(  l(~ioli. ‘ 1  II(  itlll~li(ali(,ll  of”  Il)is

\\(ll’1<  is  tllill  l)l;lll(’l;ll~ li(lill l(ll’( ’(% Ill; lj” d 11111 (’11 l;ll’p,([ ]’011 ill III(,  (lc)llltiotl (J I lI(a I-1:11111  a+l(toi(l> tlIiItI

])r{\iollslJ llIollglll

4.1.1 l’i(lal  (Iisr(ll)tioll  rat(w  ]1(’ar tll(, }Jartl)

‘1’() ~allgt (11( rflictiJttlcss illl(l  itlll,<,rlallc( of ’li(lill (Iisr(ll)li(ltl  ill  111( lt,[[(~(ri;tl  Ill; lll(’t [(giotl,  l\’(  (’;111 (%(illlilt(

111(  f’1(’qll(’11(’y  o f  s, 11,  all(l ill  class (’V(’IIIS 11(  ’ill’ 111(’ Iilllll. \\ ’(’ :Ill(:l(lj’ li~Yf ?i I[lill) of li(lal (Ii>rlll,li(,tl  011[(01,,(’s”

:i~  d fllll(lic)tl  of l).  (I.  r-. ,  (I. i,  :+]!(I  O (S((li(jtl :]).  \\ ’(, ;115(,  r((l(lil(  lstilllill(>  01 111(  f’ollo~~itl~”  (I(lillllili(>:

( a )  (II  COIIIIIII  I,tol)al,ili(y of’](’,ls \villl I; IIIII: (l)) I,tc)l);ll,ilil}  (Iist[il,lllicltl  of 1(’~  (II((JIIIIl(r  !(lf)cilith ;filll

III( I;;ltlll; (c)  l~r(~l)al)ilil} (Iislril,[llio[l of rcll:llic~tl  l,ttiocls al II(IIIK  l(’~~h: ;III(I  ( ( 1 )  sizf-f’tt(llltll(} (Ii>lrillltli[)ll

of ([[11]1)1(-l)ilt) a~l([oids ill 1111 1~(’~\ Ilol)lllali[jll. ‘I’ll(w) Colll])ollcllls”  illl(l t i l l ttl(lllo(l fot ill(~)tl)()];itiil~

llIflll itllo 111( (’til(’(llillioll  21H (l(wril~(tl ill ll[~llli( f/ ({l. (  l!j\J7a). ‘ 1  Iii> (:lrli(l L\(ll’li  Ilotr(v(t  (Ii(l II()( illclll(l(

111( /’ = - 1“/ II all(l /’ = x 1“1111>, \vllicll \\(’ ill(’ol”l)(ll’ill( 11(1(’. (iiv[[l tll:it 1“(’llo~l’il(l(”  rlll)l)l(-l)il(h I)(COIII(

1’ I
.,

Sllc(’(, (( Ill& ,V 11 loll, (Ilfllcllll  1 0  (11> 1.(11)1 ;1s 111(11.  Sl)lll 1;11(,  111(,  [.(,;  1s(,.s, :,1, (I lllal [I(I ,,,,,,> 1(,++ is SfYII  f~)t  /’ = (;

II, \v( as>llltI(  tllal  ti(lill [list(lllti(~ll l(tll]itldl(s a t  1’ w !) I I .  (“llt;(’li ‘1’ IBIS’.’’?’?
0 1 1 1  IIh 1111 S ill(licdlt lll:it 111( lif’tlilllt (,f rill)l)lt-l,ilf 1(’J\s :l~aill>t  S  cl;i~+ (\(IIlh  is :;S()  Nljl,  111(  lif’(lilll(

;lg, ilill  S1 S  (II  11 class (1’(’llts  is  “2”20  Lly[i  all(l  111(  Iif(,lilll(,  ap,;  lillsl  S, l]. L)! h] cl;im (l(lils  is  S(i klJI.  lfl)ljl)ill~

llli~ Iil(lilll( 10 111( (~littl:ll((l 11111111)[1  of” Iilll-si?(tl 1~(’,\s  (2100:” hlot[iht~tl 1!1!12), IV( fill[l II I;II S  cl;I>s (\(lIlh

()( ’cl II” 11( ’iii’ 111(’  l’::11’tll 011( ’(” (’Y(’l’y Is:\, ()()()  }’[’, s illl(l Ii (’\’t’llt> (Illc(’ (’v(’l’j 101. (}(10” ~1”, ~llltl  S ,  11, illl(l  hl (V(llth
011((,  (Jv(,]j .1 I  , ( ) ( ) ( )  yl. .101( 111;1( 111(>( I“ilt  (’> lv(~lll(l  itlcrt,:lw, i f ’  IV( irlclll[l((l \’IIIIIS (lohsill~,s. >iti(t (1111 hist(t

I)liill(l is ll(;lll~ :1> (flfclil( ilh tll( I;;ll’111 ilt titl;ll (Ii>lll])ti(,ll.

Ilott  Ii(’ ( I (Il. (  1!)!) S’!’”!  ’.’) 11s((1  111(>($ I(,>IIIIs  SII()(IIJIJ \\’1~ (il’1)~1’l 1 ~’?’?’.’ 1(I (,hlitll:ll( III( (( II; II  III;t~s  SII(XI

I))” 1(’,f+  OV(’I  Iilil(.  ‘III(}  f(lllll(l  tll;lt l(lllgll  l}’  (~ X 1(17 Iig  [,(’I  ~’(ill  ill’( It)hl  , ((llli\’ill(llt t(, 111( ;Illllll; ll itl,l(clioll

1’;11(,  of F)() Ill f l a ~ l l l f ’ i l l s  1111(1  111(,  :{:1  01” //[; 1(,  >oll; 111 (’(% (Nl(tlicll(ll:l (/ (//. 1$1!16). (’ONSIS’l”l\ (’}” l’l~olll,lhl:
F)()  111  1{1:s01,1”1  ION”!’”?’!”

4.1.2 c;].:lt,(,].  (O]l+lill  fo],lliati(jll (JI1 ill(: l)al. t 11 fili(l N’looll”

,\h (Irscril)(xl ill Swti~)]l 1, hol[lf, Cat(tl;i-lj p(, CI:II(I cll;lillh al( llI(Jllgl[l 10 II( follIIt,cl \’iil S  cl; Ihh (Iiht Il])liotl of
1[11)1)1(-])il( asltroi(lh or Colll(,ls. 111 llli~ >c(ll;l[io,  111(  fl:lglll(lll  l[:till  Ilils il 1110011”  of 111(,  I)lilll(l  S()()ll  ilf’1(1  (11(

(Iislll])ti(,tl  (V(’lIt,  I,(fol’(”  111(’ train llil~  stl’(t(’llo(l  S(,  f i l l ’  111;11  il (’itll  11(, I(lllg(l’  1,1’()(111(’~ il r~(~)p,lli~ill)l(  (’1’211 (’1”

cll;lill 011 iilll)acl. (’llaitls f’f~llll(’cl  Ijy lllis 111( (’llilllihl[l ( ’ i I l l 1)1 (lih(litllill;~l((l frc)ttl  tllow, 111()(1  II(fxl l,} M(OII(I; IIJ.

(j(cta, sii)(x tll(’ I:itl (’r cal I 1)(’ i(l(, illifi((l I)y (Il(ir r:t(lial (~ri(lll;llioll I(I  tlII sOIII’(’(,  (’1’ilt(,l  (Il(,ir il>>()(’i:lli()ll

wil]l 0111(1 h(m)II(liiIJ f’(:ItIII(x, aII(l lllfir (lihlitlcti\( IIIOIIIII(JIOA}” ((.A., “llt][itl~l)(~llt”’ 11:111(’IIIS). Nt)t(’ tlI:\l

st Il(lifs lIfi\t, sllo\vlI tltat 1111)1)1(-l)ilt, Clllllil)si (I(,sl)il(,  I)(,itlp, illltillsi(:lllv \\(illi  (Il)l(cts.  (“; ilI 11(111(,111(,11,5+  [)ro(lll (’(”

w(ll-d(fil)(xl (’I’ttl(’l’>  011 itllIjiicl ((,. x., S(”1111117 iill(l (~illll( l$)~~); Nl(l(lsll I$IX!); Ioi( (1 01. l!l!l.-)).

N(;lll) tlV(lll~ (’liil(l’  cll;ii]lh Ilii\( 1)(’(11 i(l(lllifi((l 011 (i:llly[ll((l( illl(l (’;I Ili>to rallp,ill~ l)ll\v((ll (io (i2(i  Iilll

ill 1(11~111  all~l fi’illlllill: (i 2.-) <’l(J>(l)”  b[j?l(’((1,hllllll itl”-+l~ (’(l (’l”ill (l”* (S(’lltlll< (1 (1/, l!~!l (i). 011( 01” t!\’(1 illl Zll[)&oll\

ct;it(t cll:[itls Ilav( I)c(tl i(l(lllifi((l (III I’artll’s hl~)(jll  (llcl(hll :111(1 \\ ’llilfili(’1” 1$)!) 1; \\ ’i Clllllilll al}(l \\”c~t)(l l!l!l~):
S(’ll(llli  ( /  ( / 1 .  l!)!)(i).  ‘ 1  11(’}  illclu(l( III(,  l)il V~  cllilill,tl’1ll (’11 1s 17 Ii Ill Iollg illl(l (’(l[II?II  IIS 2:{ (’1’;  (1,1’>, (’;l( ’11  1  :} Iilll

itl (Iialltctft, atl(l tll( ~~l~ulf(<la cllaill, Ivllicll is 2 :1. (S (;} ’1’ 01(1, 200” ’260 Iilll  Ioll& all(l  Ilas  21 (’I’; lt(’l’>,  t’acll h 1:{

Ii Ill ill (Iiillll(’tf ’l. ‘1’fl(’l’(’  IIiil”(’ (’V(’11 I)(Y’11 1’(1) 01’1S  of 011( 01” lJY(I CI’?lt {l” (’Ilil ills (,11 111(’ I:al”lll. 01!( 511( ’II [)[,)[,0s((1

cl Ialll Is a 700” kill lli I(’ of(igl[l c]tclllar (Iri)rthiotls c](hsitl~ l(atlha~, hliwollti, illl(l Illilloih( li:lt[lllit l(l:ltl(l l’olli
IS)!)(i), I:ICII (I(l)r<wiotl is .“{ 17 I i  I l l  \vitl(. J\ s(’(’C)II(I IIol(lllial cllaill i> Ioc;llt(l ill (“llil(l, l\l I(r( t\\() [)()>>il)l(

illll);~ct ffatllr(s (Iiscov(r((l I)y ra(l:it Ii( tlfar tll( Ii kttl (Iiatll(l(’t, 1{(;() Nlyr (,1(1 jjoroIIII~:I”  ittll,ilct SlIIICIIII(

(()( ’illllll(l  all(l  1’()])( 199(;),  Ik)lll  of 111(%( (’Iilillls  ill’(  (’(lllll’(  }\ ’(l> iill  :111(1 11(,(,(1  to 11( Vtli(ittl 11~ fifl(l }Y(llli.

(“*illg all tarli(r W( of 111(’  Illlls l,rtw’111((1 Il(r(, II(,tlli( [1 al. ( l!)!~7a)  cxaltlitl((l IYII(lI III Iittl-fiiz((l 1( ‘\~

[Ill(l(tgoillg S claw cv{,tlts II(ar tll( 1~:11”111 01” Nlooll” (’0111[1  Illali(’ Illlt;l[”  (, I t(’l”lt’hll”iill  (’[”ilt (’l cll;iillfi.  ‘ 1  11(}’ f“ollll(l

$ (’lil~>  (Vl$llt S Il(;ll’ 111( t’~;lllll  (IV(I 111(’  lilst :{, $ (~}1’ 10  ;1(’(’011111  f(ll”  -  1tllill  (’lloll~ll  ol)j(’1’lh II AV(’  1111(  1( ’1 ’~oll(”  ,

cral(l  clloill c)tl tll( NIc)OII,  collsislclll lvilll ol~>(lv;lliolls.” (;il(ll III:{( 111( Nlooll” i s  :, ?. Illilll 1;1]$!,1 Iiir II,)],)

I;attll, this lIIalcl I su~g(v.ts  tllal li(l;ll (Iist(]l)liol[ tI(aI 1:11111 II I:Iy II( CO II II II OII. ”

‘I’f I( 111111111  (’[ of cllailth (xl)(’ct(d to 1)( fortll((l 0 1 1  111( 1:11111 OV(I 111( hat IIe tiltlt, lI()\IIv(l. \Yas follll(l to I)(,
I(W4 tllall ( ) .1  Nlolfwv(l’, 111( Illll[lll(r (xl)(,  (’l((l 0 1 1  1::11’111  (Iv(l’ 111( I:Is1 ;~(io kl~r IV:IS ()]Ily ().()()1. illcc,]lhisl(llt

\\itll tllf II[(J[)(M(YI t(’I’l”f, stl’iill Clatf ’r cllail)s. Soltlt” IItlctrt:lilltj ill III( (’ill (’lll:lti(-lll call I)(, (,littlitl:il(xl 1)}’ lilliill~



\
J/lc/)ill(/.(Jll,  C( al.

4 . 1 . 3  1+’or]llati~)ll  of l)iltary  ast(v’oi(ls illl(l (Iolll)l(’t  cl’at (’1”s

4 . 1 . 4  }.C~As  w i t h  sat(’llit  (v+: All (,xalllillatioll  of  3671 l)io]iyslls
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4 . 2  }4’UtUM’  W70rk

cits(h  IIIaJ allolv  Ilk  1 0  (Jslitllal(  III(, illll)oll;ltl((  of lli~ll(l  r(h(~llltioll  (IY( lI:I\( (1(1111, tlli~ I() a c(tl;lill fxl(IIl

t i l l ’ ( i i ( l ) ” .  All(l  follll(l IIlill Iligll(,t  tt,h(~l(lli(jtl  Sllloollls”  0111 III(  I) OIIII(I;  II’J  ll(l\Y(lll  kl ;Ill(l  .x (’lil~> (li~llll]li(~ll).  /\

M,cotl(l  I(lill(,ttl(,tll  \YOIIl(l  I)(,  10 (Jxattlitl(,  tlll)l~l(,-llil(+  lvilll  :1 Ilotl-llllil(jtlll  Ij;l[ti(,l(  hir( (li~lril)lltiotl,  (’l(iIII1)

for([[:lti(,ll lllaj’ II( (ill  I;tl[c((l II} (11( ([>( (,f:t hi7( (Iisttil)(llio]i silt(( 111( l; Il~(l l~:llli(l(h I)(L,III(  II;lllll ill +(((1,

fol ilg:l(,l ll(l:ltioll of tll(’ SIll:lll(l oll(h (lii(’llill”tl~oll (1 (1/. I!I!ITJ). Slllilllfl’  II:ltliclth fillitl:, (11( ~;ll,s l,(l\Yt(ll

l: Itgtr ]);lrlicl(s ccIIIltl  alw I I)lc)vi(l( Ilij+ll(t Il(llli  (I(llhili(h ill III, >:1111( Vollllll(.  II J\(ILll(l  ill\,,  1, illt(t(hlill:,

10 collsi(lrr flIe ((1”((1s  o f  (Ihitlg II I(Ir( I(illisli(’ Iloll-sljll(li(til c(jllhlilll(lll t~;ltli(l(s. Illt(tlo(l(illg, 1)(1 L\((ll sllcl I
I)arti(.l(h c(Illl(l 1(:1(1  t(l (V(II l;{l~(r I]clt(llli;ll (ll[lg,y I,;ltri(l> illlo\\il  Ig, III( I’()[lll;ili()tl  (If’ ill(p,lllill >Il;l],((l  lrlll)l,l(-

I)ilrs, ]l(Jl\(’\(r (Ilis is }tIllcll Ilarcl(t 10 illll,l(]llftll 1111111 ([ ’i(’illl~ tliiill hillll)l(, bl,lltl{s. hl<)n  tt; l(lil}  t(blal,l(

is  1]1(,  itlclllhiotl  Of  S i l l ’  f i l ( , (  fri(lioll 11(1  LV((II 111( hl)lI(l(5, illllloll&ll Ijn,li}tlitl;lty iill(,>ti:,;lli(~tl (~1 (l[is (, fl(cl
,.

Silo\ l’* 111  ill il Illalii(iwlh ils(lfolllj ilS  il h l~ltll?  111(’  1(;1+(( I (I;lllll)itlg \villl(,lll cllatl~ill: III( OIII(C)III( \(r} [I II!(II

(l{icll;ir(l~otl  (1 al. l!~!)~)).

I’illall}.  Ivilll  tll(’  (1;11:1  ?I1l’1’:l(ly  ill  Ililll(l,  il lllil~  I,( I)(k.>il)l(  10 (l(\(lol)  ;Ill :Illill}’(i(’:11  111((,1} 1(,  I,t((li(l  ti(l;ll

(li>rlll~iio]l (jIItc(jIII(s (JII llIt IJ:lsis of 111( lI;ItiIli I(tIrs (x}~lot((l lI(rt. SOIIII hl(]h loil:(r(l tliis (11(1 lI;  I\( 11((11

l:II;,II ;III(;  1(1,  Y (cf. S(cli(, ti :{), 1~11(  II IIICII t(lii:iilis  lo I,( (1(,11(,

11 is 011[  I)(li(l  111:11  li(lill (Iihrlil)lioll  atI(l >l(l(li(s  of” rlll)l,l(-l~il(>  ill  ~tll(lil I  i~ill  ((~lltill(l(  10 1,( :t I“lllill”lll

Iitl( Of 1( ’fi(;(l(’11  ill  tll(’  fi(l(l  of l)lilll(’1~1”~  sci(llc(.  l“ltilllill(l~  sII(’11  I’t>lill(’11  lll:i~  c(,lltril)(ll( 10 il Iltlifi((l  111(~(1(1

()[ +Illilll  I)()(II(S  Ill  tll(’  >[)lill’  S~hl(lll  111?(1  ( ’01111 )111( ,> I)olll  CIrl)ilitl  illl(l  llll~si (’ill  (\ollllioll,”



‘  //1( ’/l?lr”(l+oll, (’( al.

A Derivation of Encounter Ti~nc
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./’(l:’
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i;,\/l . (,

((((,+1,  / ’ -  1 ) ( / / , (12)

/’ : (/(( (’0511 /“ - l), (1:{)

\l’Il(rt 1’ Is (II{ (Ilslall (’(’ (10111 tll( C(’llll; ll Ill:lsh, ill  0111 (’:15(, 111( Ilill’1  11.  ‘ 1  11( ol”l)ilill 1):11’?IIIII((I”>  (’;III  I)(’ (Il)tait}t(l

lI(,tt  I ((~oltlhl(ili 1!) S()):

(11)

Il(tlc( illllt itlil ial (lihtilll  C( (lb 11’1(,,, .I,,  )  is 1’1 :111(1  111( fill:il (Iis(illl(’(  ((i(l II’ )  i> If, 1111,11 llIf 101:11 (11(011111(1

titll( is ~i]t]l lIy:
r

(IT)

‘; ‘ “oh’’-” [:(1-’ ::)1 (]s)

1 j : ‘(’s’-’ [:( ’-’ w (1$, )

13 Crater Chains  on the Earth and Moon:  Scm~i-analytical  Dwiva-
tion
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}/; (”/1; 11”(/.011, (’/ al. 21

is 111( cilttllllativ~ ]1111!111(1”  of l’~(’J\h Iill /,(1’  tIl; ilI 1~, ‘ 1  11( tIllttllj(t (II’ l)otli(s llIiIl  lI;I\+  1111,)11:,11 llli> ;IIIIIII  III\  t(I

(2:{)

sttik tlI(, NI(JOII  is:

( ) [

71 l{;,
/’1,,,<,,, 1,,,,,,,<,  : /’},:,,,1, IT,,, l - l  - .

l’;~.,., h](h) 1l’;, -1 /’:+, ,,, ((/) ‘
\\ll(,l(

[

2(;  ,\ll]
r, ,,. ,Nlo’)  ‘ \- ,.

(~1)

)’s ,, = /i ., 1/ (2:,  )

{

2(:.\l , / .  ,/,
,,+,,,,  os,,,  ) : ❑ .$,,, ~!.,1 (}~1 ).

l’s
(2(i)

(27)

\\”(’ ll[l\\ Iwlfollll 111( iillalogolls  hl,l,s f(,l c)l)j(cls (lisr~ll~tttl  I,y 111, Nl(,(,t). ‘1”11~ 11111111(1 of” 1(’:\~  lill”&(l

(Iliill  il ~iv([l  (Iidl[l(t(r  /j (Ilill  pilw  \\ill tilt il (Iihtilll(’[ ~ fIIJIII III( ll(Iot I Jvilll~llll slliliill~ it i~ p,iv(tl I) J’:

l’h, <,<,,, : 1’, :1”1)
{ [

);l 1 -1
r,~.,., h,()’)

1[
l{;l 1 -1 - ,

L’,JII(NV)
1
1

P“, -1 r:’+, ,,, (d) 1 :. -1 / :’,, ((/) J

( )[ ,,~ /{!

I’t,:,,ll, 1,,,,:,< I ~ l’\l,l,,,,
, _, :!-. (//  )

‘i ii(l’ , ;>‘1 (:{())

‘Jiiliillg  111(’  ratio of 111~ flllx of ~l~t(l cllaitls  f~)l’[lt((l  011 ~11(’ ~1~)(~11  (/kI<,,,ll  f,,,ll:lI  )  10 1)1:11 of 111(’  l~ll”tll

(l’l,:,ltl,  1,,,,,:,-(  ), !V(’  fillcl  lII;I1  111:111~ l)?ll’:1111(1(1’~  (11’(jl)  0111  of 111(  ((lll;ltiotl,  l(alitl~

(:{1)
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){ll”’/lil  rf/~(Jll,  (’/ ;1/.

;\$l’1111(~,  i’., .INI)  \f’.  ltl,N7.  l!~$)l.  lhli>il~ (If C(llll(’t  SIl(,(ll liil<ll-l,  (\}’ !) (If(lll(’((1  1,} Ill(,<l,llillg Ill(illi(lll

ofll If l); It(IIl ‘“I(II)IJI(  Ijil(”.  .\ ’((/u/I  3 7 0 ,  12[) 121.

:\ S1’11.\[’CJ, l’; ., ,fNll \f’. II I,N’Z 1!)!) (;. Siz<, (I(tlsilj,  illl(l  >11’11(’1111’(  of (’0111  (’1 Sllo(’ll  lalil’l”-l,l’  I’}’-!~  illlitt((l  fl”olll

111(  l)ll~si(>  (~ fti(liil  Ill(illilll,.  /((1[/($  1 2 1 ,  2Y~)  21S.

:lSt’ll\ll (i, 1 ;., \ \ ’ ,  Itl XY. S .  .1. OS1l  /(), l). J .  S(’llltlil, 1. N1. 1)1.l(JX(i ,  S .  S[17,111<1.  ,1S1)  l{. S .  II(SI)ON

I!)!)6. I)istlll)tiv(  ittl[);iclh  itllostllilll ;ih[(roi(ls. 11.1.1  j~’  28, 1102.

;\ S1’11.\l’(:,  l’~.,  .IN1) II.  . 1 .  AI[,IOSII  I!)!)ll.  ‘ 1  11( ,Sli(’lilt(j’ itttl); tcl of l’llol)~)h /\ (lyll;ttJ)i(lll(~(ltl. IC(rtuflol,
111 1(;1.

lll,l’lo  h’, hi. .1. S.,  ,1X11 IN  .\l)l)lllo  N.\ I ,\(llllol{$  I!l!)lil,  (~;llil(c) (’IICOIIII1  (’I’ Ivilll !~~)l (;il~lll’il:  I’iml
I)jcltlrth  of ;III asl(tx)i(l, ,s’(/()/(( 257’, 1(;17 l(ir)2.

1{1,1:1  oh’, 31.  J. S . ,  }1 .\lj. 19!)5.  IIlllli  (I(llsily (lfil~tfloi(l Yll{-1(1:1 fl(ltll 1111  (~tl~il  of ils s:lt(llit(  lJ:IClyl.

. \  ’ ( l / / ( / (  3 7 4 ,  7SY) 788,

l\ I,l,”loN, \l. J. s,, (’. l { .  (’}1.AI’NIAN.  I i .  1), I< IIIISIN.  . ’ \ .  l’.  11.\l:(’11, 1’. ( ’ .  ‘1’ f[()\l.\s.  . 1 .  \’l\’IR  l<.\,  . \ .

S ,  hlCII~\vl,N, ,\ Xl)  1{. ‘ 1  l),!}  ’} ’l\l,,.\ltl)()  I$)!)(i.  (~:llil(()’s(llc(,(llll([  Ivi(ll  21:\ 1(1:1: ~\lI (]\(l\i(\!  (J I’111(

illlilgillg t’xl)tl’illl(’111. l(~{lu~ 120, 1 l!).

111.hz, \\ ’..  ,iNl)  .1. ({. 1111.1$  1$)S7.  ‘11,1((-(lit,ltllsio]l:il  Ii)(llo(l}ll:illii[,( I hillilll;  lti,,ll+of>l(ll;  t] c,]lli~i[)tl+ 1.
Itllla-lllask l[laitl-s((lll(ll(( s(ars. .t.slIop//J/~.  1. 3 2 3 ,  (;11 (;2s.

110111;1,  \l’. 1“.. .\  Xl) I l .  J .  Nlllo$ll  I!l!)[jil.  'lll(f(,ll  llilli()ll(  ll':lslc  [,,i(l~il  t(llil(  *:ill(l(l(,lll,l(l  (l;lt(l~  1)?
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